Further, experiments performed in our laboratory have conmatic maximal force production and diaphragmatic atrophy. To firmed that as few as 18 hours of MV results in diaphragmatic investigate the mechanisms responsible for MV-induced diaphragcontractile dysfunction (4) and atrophy (our unpublished obmatic atrophy, we tested the hypothesis that controlled MV results servations). The mechanism(s) responsible for this atrophy in oxidation of diaphragmatic proteins and increased diaphragare unknown and are the focus of the experiments described matic proteolysis due to elevated protease activity. Further, we in this article. increase in both oxidative stress (9) and protease-mediated Keywords: myosin heavy chain; oxidative stress; protein degradation; protein degradation (10). In contrast, it is unknown whether weaning prolonged MV results in increased protease activity and elevated protein degradation. Further, it is also unclear whether Mechanical ventilation (MV) provides a means of supporting MV is associated with oxidative injury in the diaphragm. blood gas homeostasis for patients who cannot maintain adeTherefore, on the basis of several voids in knowledge about quate alveolar ventilation. Unfortunately, prolonged MV the cellular effects of MV on the diaphragm, these experi-(i.e., 3 days or more) is not without consequence because as ments were designed to address the following questions. many as 20% of patients experience difficulty in "weaning" from the ventilator (1). Although the underlying causes for duction in isometric force generation and a decrease in both diaphragmatic mass (i.e., atrophy) and protein content (3).
prolonged MV results in increased protease activity and elevated protein degradation. Further, it is also unclear whether Mechanical ventilation (MV) provides a means of supporting MV is associated with oxidative injury in the diaphragm. blood gas homeostasis for patients who cannot maintain adeTherefore, on the basis of several voids in knowledge about quate alveolar ventilation. Unfortunately, prolonged MV the cellular effects of MV on the diaphragm, these experi-(i.e., 3 days or more) is not without consequence because as ments were designed to address the following questions. many as 20% of patients experience difficulty in "weaning" from the ventilator (1) . Although the underlying causes for were used to identify diaphragmatic fiber types and computerTo date, only a few studies have investigated respiratory ized image analysis was employed to determine the effect of muscle function after controlled MV. In this regard, Le Bour-MV on muscle fiber cross-sectional area. On the basis of prelimidelles and coworkers (3) examined the effects of 48 hours nary data in our laboratory, we hypothesized that short-term of controlled MV on both atrophy and contractile properties controlled MV induces atrophy of all four muscle fiber types in in the rat diaphragm. The authors reported a significant rethe diaphragm. duction in isometric force generation and a decrease in both diaphragmatic mass (i.e., atrophy) and protein content (3).
Question 2
Which proteolytic pathways are activated during MV? Two differing but complementary approaches were used to probe the activation of specific proteolytic pathways. First, we investigated (Received in original form February 7, 2002 ; accepted in final form June 28, 2002) the effects of specific calpain and proteasome inhibitors on the ther, we measured diaphragmatic calpain and proteasome activi- (about 100 l/sample) were removed from animals at 5-to 6-hour blood at the conclusion of MV revealed no detectable bacteria intervals to determine arterial pH and blood gas tensions, using an and postmortem examination of the lungs (histological) and electronic blood gas analyzer (Model 1610; Instrumentation Laboraperitoneal cavity (visual) revealed no abnormalities. Finally, we tory, Lexington, MA). The jugular vein was also cannulated for the did not observe a significant decrease in total body mass or infusion of saline and sodium pentobarbital (about 10 mg/kg body locomotor muscle mass after prolonged MV (Table 1) . This is weight per hour). Body temperature was maintained at about 37 Ϯ an important observation because sepsis is associated with rapid 1ЊC. Heart rate was monitored via a lead II electrocardiograph.
Continuing care during the experiment (both MV and SB animals) decreases in both body and locomotor muscle mass. Collectively, included expressing the bladder, removing airway mucus, lubricating these observations indicate that our animals did not develop the eyes, rotating the animal, passive movement of the limbs, and enteral sepsis during MV.
nutrition. After 18 hours of mechanical ventilation, the diaphragm was removed, rapidly dissected, frozen, and stored at Ϫ80ЊC. Table 1 contains mean values (Ϯ SEM) for body weight, dia-
Body Weight and Diaphragmatic Atrophy

Protocol for Control Animals
phragm mass, as well as soleus mass obtained from both control
Control animals were free of intervention and were anesthetized (soand mechanically ventilated animals. Note that 18 hours of MV dium pentobarbital, about 50 mg/kg, intraperitoneal). After reaching resulted in a significant decrease (p Ͻ 0.05) in both total and a surgical plane of anesthesia, the diaphragm was removed, dissected, costal diaphragmatic mass. Although crural diaphragmatic mass frozen, and stored at Ϫ80ЊC.
tended to be lower in MV animals compared with control aniSpontaneous Breathing Protocol mals, this difference did not reach significance (p ϭ 0.12). As mentioned above, MV did not result in a loss of body mass Animals were anesthetized (sodium pentobarbital, about 50 mg/kg, or decrease soleus muscle mass (Table 1 ). These observations intraperitoneal) and a surgical plane of anesthesia was maintained with sodium pentobarbital (about 10 mg/kg every hour, intravenous). These indicate that the mechanically ventilated animals received adeanimals were not mechanically ventilated and breathed spontaneously quate nutrition and that the observed skeletal muscle atrophy during this time. Spontaneously breathing animals received continuing was unique to the diaphragm.
care and enteral nutrition as described for the MV animals. After 18 hours of spontaneous breathing, the diaphragm was removed, dissected, Fiber CSA frozen, and stored at Ϫ80ЊC.
Immunohistochemical analysis revealed that fiber CSA did not differ in any fiber type between the control and spontaneously Tissue Analysis breathing animals. This indicates that exposure to 18 hours of All morphometric (histochemical) and biochemical assays were consodium pentobarbital anesthesia does not result in diaphragducted on the costal region of the diaphragm. Specifically, diaphragm matic atrophy. In contrast, compared with control animals, 18 samples were removed from the entire midcostal muscle spanning from hours of MV induces significant myofiber atrophy as the CSA the costal margin to the central tendon. Samples used for morphometric of all four fiber types was reduced (p Ͻ 0.05) by MV (Figure 1 ). analysis were frozen (liquid nitrogen) at an unstressed length (15) and stored at Ϫ80ЊC. Immunohistochemistry was performed to identify Interestingly, the Type II fibers atrophied to a greater extent muscle fiber types and fiber cross-sectional area (CSA) was determined than the Type I fibers, Ϫ24 to Ϫ30% versus Ϫ15%, respectively. by the Type I fibers (Table 2 ). Figure 2 
presents four light
As a marker of total in vitro protein degradation, the rate of tyrosine micrographs obtained from a control animal. Each section of release from isolated diaphragm strips (about 40 mg/strip) was meathe costal diaphragm was stained with a monoclonal antibody sured with and without specific proteolytic inhibitors (18, 19). Nonlysosomal and noncalpain proteolysis (i.e., ubiquitin-proteasome system) that reacts with a specific rat myosin heavy chain (MHC) type. from the anesthetized, spontaneously breathing animals. The
Measurement of Myofibrillar Protein Concentration
rationale for this exclusion was that the spontaneously breathing and Water Content animals did not experience diaphragmatic atrophy, as indicated Table 3 contains measurements of diaphragmatic protein conby the finding that fiber CSA, muscle wet weight, and muscle centrations and water content. Note that the protein and water protein content did not differ (p Ͼ 0.05) from the acutely anescontent did not differ between the control and spontaneously thetized (control) animals. breathing animals. In contrast, compared with control animals, Addition of the calpain blocker E-64d resulted in a significant 18 hours of MV resulted in significant reductions (p Ͻ 0.05) in decrease in diaphragmatic proteolysis in both the control and all measures of diaphragmatic protein. The concentrations of MV animals ( Figure 4) . Further, inhibition of proteasome activboth myofibrillar protein and soluble protein decreased (p Ͻ ity by the addition of lactacystin resulted in a significant decline 0.05) by about 10%, resulting in a significant decrease (p Ͻ 0.05) in the rate of diaphragmatic proteolysis in both control and MV in the total protein concentration. Consistent with the loss of animals. Collectively, these results confirm that MV-induced diaphragmatic mass was the reduction in total and myofibrillar diaphragmatic proteolysis is mediated by both the calpain and protein content, reflecting an absolute loss of protein from the proteasome systems. diaphragm. In addition, MV resulted in a mean increase (about 4%) in muscle water content. Note that this increase in diaphrag-
Measurement of Diaphragm Oxidative Injury
matic water content was observed in every experimental animal.
Two measures of oxidative stress were assessed to determine whether prolonged MV is associated with an increase in dia-
MV, Protease Activity, and Proteolysis
phragmatic oxidative damage. Compared with control animals, Our results clearly indicate that both total calpain-like activity protein oxidation, as measured by protein carbonyl levels, and and the activity of the 20S proteasome are elevated by 18 hours lipid peroxidation, as measured by 8-isoprostane concentration, of MV (Figure 3) . Indeed, 18 hours of MV elevated calpainwere significantly increased by 18 hours of MV, 44 and 53%, like activity by about 128%. Similarly, MV resulted in a 470% respectively ( Figures 5A and 5B ). In contrast, no differences increase in the activity of the 20S proteasome. existed in protein carbonyl levels between control and spontaneWhole muscle breakdown was determined by measuring the ously breathing animals. Note that 8-isoprostane was not mearate of tyrosine release from in vitro diaphragm strips. Compared sured from diaphragms obtained from the anesthetized, spontawith control animals, the rate of diaphragmatic catabolism was neously breathing animals because the spontaneously breathing accelerated after 18 hours of MV as indicated by a 46% increase animals did not experience diaphragmatic atrophy (as mentioned (p Ͻ 0.05) in tyrosine release (Figure 4) . Note that the rate of above) and the protein carbonyl content did not differ from that tyrosine release was not measured from diaphragms obtained of the acutely anesthetized (control) animals. 
Overview of Major Findings
We identified diaphragmatic MHC types by a multiple monoThese are the first experiments to examine the mechanism(s) clonal antibody immunohistochemical approach and measured responsible for MV-induced diaphragmatic atrophy. Our data fiber CSA via computerized image analysis. Our results support support the supposition that MV is associated with increased the hypothesis that 18 hours of controlled MV promotes a sigproteolysis and atrophy of all diaphragmatic fiber types. Further, nificant reduction in the CSA of all four diaphragmatic MHC our data uphold the hypothesis that MV-induced proteolysis is types. Interestingly, Type II fibers atrophied to a greater extent associated with increased diaphragmatic calpain and 20S proteathan Type I fibers. The fact that Type II fibers undergo the some activity along with an increase in diaphragmatic oxidative greatest degree of atrophy in the diaphragm during MV differs stress. A detailed discussion of these data and the interpretations from investigations of locomotor muscle during periods of musrelated to our hypotheses follow.
cle disuse. Indeed, reports using the hindlimb suspension model of unloading rat skeletal muscles indicate that whereas Type II
MV-induced Diaphragmatic Atrophy
fibers suffer muscle atrophy during disuse, Type I fibers are Importantly, our results indicate that no differences existed in preferentially susceptible to muscle atrophy during muscle unany of our diaphragmatic measurements (e.g., diaphragmatic loading (reviewed in Roy and coworkers [5] ). mass, fiber CSA, protein content) between the control (acute The observation that MV results in diaphragmatic atrophy anesthesia) and the spontaneously breathing animals (18 hours in all muscle fiber types also differs from several studies investiof anesthesia). These observations reveal that sodium pentobargating diaphragmatic adaptation to inactivity. Specifically, two bital anesthesia is not responsible for the diaphragmatic proteolprevious experiments reveal that 14 days of diaphragmatic inacysis and atrophy associated with controlled MV.
tivity, due to either bilateral denervation or tetrodotoxin blockConsistent with a previous report (3), our data indicate that ade of nerve impulses, results in a selective atrophy of Type IIb controlled MV resulted in significant atrophy within the costal and IIx fibers and a transient hypertrophy of both Type I and region of the rat diaphragm. Interestingly, the observed atrophy IIa fibers (6, 8) . The biological mechanism(s) responsible for was unique to the diaphragm, as there was no loss of total body this variation in the diaphragmatic response to differing models mass and no reduction in the mass of the soleus muscle. These of inactivity are unclear but could be related to differences in results indicate that the removal of mechanical activity from the passive movement of the diaphragm between these experimental paradigms. For example, it has been shown that during controlled MV, the right and left hemidiaphragms undergo passive shortening during mechanical expansion of the lungs (28). In ferences, the direct effect of either passive stretch or passive shortening on diaphragmatic adaptation to inactivity remains (32) . However, because the rate of protein synthesis was not measured in the present study, the relative contribution of deunknown; this is an interesting area for future research.
Concomitant with the MV-induced decrease in muscle fiber creased protein synthesis to MV-induced atrophy of the diaphragm cannot be quantified. Nonetheless, our results support CSA was the loss of diaphragmatic protein. Compared with control diaphragms, 18 hours of MV was associated with a reducthe hypothesis that protein degradation is significantly accelerated after 18 hours of MV and that MV-induced diaphragmatic tion in both diaphragmatic myofibrillar and soluble protein; this loss of protein was observed in both protein concentration and atrophy is due, in part, to an increased rate of protein degradation ( Figure 4 ). To clarify the role that specific proteases play total protein content. In addition to the loss of protein, MV resulted in a 4% increase in diaphragmatic water content. The in this MV-induced proteolysis, we used complementary but differing experimental approaches that included measurements increase in muscular water content would explain the decrease in muscle protein concentration and is consistent with the increased of in vitro protein breakdown with and without proteolytic inhibitors along with measurement of calpain and 20S proteasome water content that occurs in conjunction with muscular injury activities. Our results indicate that both the calpain and 20S (31). Nonetheless, whether MV results in diaphragmatic injury proteasome systems contribute to MV-induced diaphragmatic cannot be determined from our current data.
proteolysis. Indeed, compared with control animals, both 20S Functionally, this MV-induced reduction in protein concenproteasome and calpain activities were elevated in diaphragms of tration could contribute to the observed reduction in diaphrag-MV animals ( Figure 3 ). Furthermore, we observed a significant matic maximal specific force production after MV (3, 4) . Theoretically, the reduction in myofibrillar protein concentration would result in fewer myosin cross-bridges per cross-sectional area of muscle and therefore less specific force generation. This is a testable hypothesis and is worthy of study.
Mechanisms for MV-induced Atrophy
A reduction in skeletal muscle protein can occur as a result of a decreased rate of protein synthesis, an increased rate of protein degradation, or both. Previous studies investigating locomotor skeletal muscle atrophy during disuse indicate that this type of atrophy is due to both a reduced rate of protein synthesis and an increased rate of protein breakdown. Indeed, within hours of the onset of muscle disuse (i.e., hindlimb unweighting) the rate of muscle protein synthesis can decline by as much as 50% Figure 4 . Effect of mechanical ventilation on whole muscle protein catabolism as measured by the rate of tyrosine released from in vitro diaphragm strips per wet weight of muscle in 2 hours, and the impact of specific calpain (E- Figure 5 . Effect of mechanical ventilation on two measures of oxidative 64d) and proteasome (lactacysstress, protein carbonyl concentration (A ), and total 8-isoprostane concentration in pg/g wet weight of muscle (B 
